Saccharomyces cerevisiae strains tolerant to osmotic stress are important for ethanol production during very high gravity (VHG) fermentation. We aimed to identify novel genes that confer enhanced tolerance to osmotic stress in S. cerevisiae. Two strains tolerant to up to 30% (w/v) glucose were isolated by screening a transposon-mediated mutant library. Two genes were identified: TIS11 and SDS23. In addition, the ability of these genes to confer osmotic stress tolerance was demonstrated by disrupting and overexpressing the open reading frame of each gene. The two transposon mutants grew faster than the control strain in YPD rich medium containing 30% (w/v) glucose and showed activation of Hog1p in response to VHG glucose. The disruption of genes identified in this study, TIS11 and SDS23, provides a basis for improved tolerance to osmotic stress under VHG fermentation condition.
INTRODUCTION
Saccharomyces cerevisiae has been commonly used in ethanol fermentation, due to its ability to produce ethanol from sugars (Siqueira et al. 2008) . During ethanol fermentation, yeast strains are encountered by many stress factors such as ethanol increments, increased temperature, pH, osmotic pressure and several inhibitors, finally resulting in decreased cell viability and ethanol yield (Nissena et al. 2000) . Especially, very high gravity (VHG) fermentation using medium in excess of 25% (w/v) sugars is an useful method that permits a desirable increase in the fermentation efficiency; however, yeast strains are exposed to osmotic pressure caused by high glucose concentrations (Bai Anderson and Moo-Young 2008) . Also, high glucose concentrations cause physiological stresses including the depletion of several nutrients, oxygen deficiency and an increment of other toxic compounds, which become fatal for the yeast strains (Wang et al. 2007) . Therefore, yeast cells that can withstand osmotic stresses caused by high glucose concentrations are indispensably desirable.
Several methods are used to develop stress-tolerant strains. Traditional methods include evolutionary adaptation (Stanley et al. 2010) , genomic shuffling (Hou 2010 ) and chemical mutagenesis (Mobini-Dehkordi et al. 2008) , which is difficult to use repeatedly to accomplish the same results. Alternate methods include single-gene knockout collections (Auesukaree et al. 2009) , and global transcriptional machinery engineering (Alper et al. 2006) . Several studies revealed that disrupting specific gene(s) resulted in yeast strains tolerant to some stresses (Yoshikawa et al. 2009 ). This method indicated the way for using transposon mutagenesis for directly isolating strains tolerant to several factors. A transposon-mediated deletion library can easily The restriction enzyme sites are underlined.
be made in strains with many genetic backgrounds. In addition, yeast strains containing up-or downexpressed genes can be developed by transposon random insertion into regulatory areas, which is especially critical when gene expression patterns matter, such as for housekeeping genes. In osmotic stresstolerant yeast strains, several studies have been concentrated on genome-wide screening (Yoshikawa et al. 2009; Pereira et al. 2011) . In addition, under VHG conditions, S. cerevisiae strains with enhanced ethanol tolerance were isolated through an incorporation of genomic shuffling and metabolic engineering (Tao et al. 2012) . However, in these strategies, specific genes are not targeted and a further confirmation process is needed after the identification of target genes. In our study, we identified novel genes related to osmotic stress tolerance by transposonmediated mutagenesis in S. cerevisiae L3262.
MATERIALS AND METHODS

Strains, media and culture conditions
Saccharomyces cerevisiae L3262 and BY4741 were used as the transformation recipient and control for single gene knockout mutants, respectively (Table 1 ). The non-essential BY4741 deletion library was procured from Seoul National University. Yeast strains were grown in YPD medium at 30 • C. Synthetic complete medium (6.7 g/L yeast nitrogen base without amino acid, and 20 g/L glucose, supplemented with appropriate nutrients) was used for the yeast transformation. Escherichia coli DH5α was used for plasmid construction and grown in LB medium containing 100 mg/L of ampicillin at 37
Transposon mutagenesis
The mTn3-mutagenized genomic library was digested with NotI and transformed into S. cerevisiae L3262 by the lithium acetate method.
Isolation of osmotic stress-tolerant mutants
Respective transformants were cultured on both YPD and YPD agar including 30% (w/v) glucose at 30
• C for 4 days. Yeast strains that grew faster in both media were finally selected. To determine the osmotic stress-tolerant phenotype, spot assay was done according to Kim (2016) as follows: the selected mutants were grown in YPD medium to an OD600 of 1.0 and serially diluted 10-fold with sterile distilled water. Strains that grew well in YPD agar including additional VHG glucose were identified as osmotic stress-tolerant mutants. 
TN-1 (closed triangles), TN-2 (closed squares). (B)
Tenfold serial dilutions of S. cerevisiae L3262, TN-1 and TN-2 were spotted on YPD plates containing additional 0%, 15%, 30% (w/v) glucose, respectively, and then cultivated at 30
• C for 1 day (0%), 2 days (15%) or 4 days (30%). 
Identification of disrupted genes
To determine the disruption sites, genomic DNA fragments containing transposon were rescued as plasmids in Escherichia coli. Rescued plasmids were sequenced using the lacZ sequence of transposon (Livak and Schmittgen 2001) . The transposoninserted genes were confirmed using the Saccharomyces Genome Database.
Gene cloning
The open reading frames of identified genes from S. cerevisiae L3262 were cloned into pRS316-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for overexpression experiments. The ORFs with their own promoter and terminator sequences from S. cerevisiae L3262 were subcloned into pRS316 for complementation experiments. The clones were confirmed by sequencing and were transformed into S. cerevisiae L3262 or corresponding transposon mutants (Table 1) . Genes were PCR-amplified with pfu DNA polymerase (Stratagene, Santa Clara, CA, USA) from genomic DNA prepared by standard protocols (Burns et al. 1994 ).
Quantitative reverse transcription PCR
All yeast strains were cultivated in YPD medium containing 30% (w/v) glucose. Quantitative reverse transcription PCR (qRT-PCR) was done according to Kim (2016) . 
Western blotting of Hog 1
Saccharomyces cerevisiae L3262, TN-2 and TN-3 were cultured at various times in medium including VHG glucose, harvested at 4000 rpm for 10 min and suspended in lysis buffer (100 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 1 x protease inhibitor mixture (Roche, Mannheim, Germany). Protein concentrations were determined using the Bradford protein assay kit (Bio-Rad, Hercules, CA, USA). Proteins were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and the resolved species were transferred to a polyvinylidene fluoride membrane (Millipore Co, Billerica, MA, USA). After blocking the membrane with Tris-buffered saline-Tween 20 (TBS-T, 0.1% Tween 20) containing 5% non-fat dried milk for 1 h at room temperature, the membrane was washed twice with TBS-T and incubated with primary antibody for 1 h at room temperature. The primary antibodies used were anti-Hop1p polyclonal antibody Yc-20 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-phospho-p38 antibody (Cell Signaling Technology, Danvers, MA, USA). The membrane was washed three times with TBS-T for 10 min, followed by incubation for 1 h at room temperature with horseradish peroxidase conjugated secondary antibody. After extensive washing, the bands were detected by enhanced chemiluminescence reagent (Santa Cruz Biotechnology). The band intensities were quantified using NIH image, version 1.61.
RESULTS AND DISCUSSION
Selection of osmotic stress-tolerant strains
About 5000 mutants were isolated as leucine prototroph and cultivated on YPD agar including 30% (w/v) glucose. After cultivation for 4 days, 19 mutants were initially isolated as osmotic stress-tolerant mutants capable of growth in YPD agar containing VHG glucose concentration. Seventeen of the mutants grew slowly but two mutants, designated TN-1 and TN-2 grew faster and finally selected by liquid culture and a spot assay (Fig. 1A and B). Under no osmotic stress, the levels of growths in 19 mutants were not changed (data not shown). 
Identification of disrupted genes and contribution to osmotic stress tolerance
Genes disrupted by transposon insertion are shown in Fig. 2 . The insertion positions were presented in the ORF of TIS11 in TN-1 and in the ORF of SDS23 in TN-2. The insertion sites are indicated in Table 2 and Fig. 2 . The effect of disrupting TIS11 and SDS23 on osmotic stress tolerance was examined with disrupting mutants for the two genes confirmed from the single-gene disrupting library on an S. cerevisiae BY4741. When the growths of tis11 and sds23 were spot-assayed in YPD medium including 30% (w/v) glucose respectively, they showed increased growth compared to the BY4741 strain in YPD medium including 30% (w/v) glucose (Fig. 3A) . TIS11 is a transcriptional factor that encodes an mRNA-binding protein (Murata, Hikita and Kaneda 2000) . There has been no report of a relation of TIS11 about osmotic stress tolerance in S. cerevisiae. However, it has been reported that TIS11 expression is subject to rapid glucose repression and that disrupting TIS11 does not affect viability of S. cerevisiae in rich medium (Ma and Herschman 1995) . Therefore, the function of TIS11 in osmotic stress tolerance could be deduced in S. cerevisiae. SDS23 encodes a protein associated with cell separation during budding, which is implicated in APC/cyclosome regulation (Goldar et al. 2005) . It was shown that SDS23 is not critical for cell viability, and deleting this gene resulted in the formation of a large vacuole and did not show such pseudohyphallike growth phenotype in S. cerevisiae (Goldar et al. 2005) . Saccharomyces cerevisiae can convert from a budding cell to a pseudohyphal form by nitrogen starvation or several stresses (Gancedo 2001) . Therefore, we suggest that SDS23 may be responsible for physiological responses under stress conditions, although the function of SDS23 remains to be revealed.
Confirmation of tolerance by complementation
Since strains TN-1 and TN-2 acquired osmotic stress tolerance upon disrupting specific genes, complementation of respective genes would make yeast cells osmotic stress-sensitive phenotype. To examine this theory, the respective genes were endogenously expressed by cloning DNA fragments estimated to include ORF and ORF ±700 bp into pRS316 and transformed into TN-1 and TN-2. The control strain was obtained by transforming empty pRS316 vector. Then spot assays were conducted in YPD medium containing 30% (w/v) glucose, the osmotic tolerance of complemented yeast strains was significantly decreased compared with that of the TN mutants (Fig. 3B) . In addition, the ORF of the respective genes was amplified by PCR, constructed into pRS316-GAPDH with strong promoter and transformed into S. cerevisiae L3262. As determined from the spot assays and liquid culture on 30% (w/v) glucose, overexpressed yeast strains were very sensitive to osmotic stress ( Fig. 3C and D) . Under no osmotic stress, the levels of growths in yeast strains were not changed in liquid culture (data not shown). Also, gene dosage of TIS11 and SDS23 was confirmed by qRT-PCR. The expression patterns of TIS11 and SDS23 were remarkably higher by the control of the GAPDH than by that of their endogenous promoters ( Fig. 4) . Therefore, these data show that sensitive phenotype to osmotic stress may be determined by the expression of genes TIS11 and SDS23.
Growth of TN mutants under osmotic stress
The growths of TN-1 and TN-2 were remarkably higher than that of the control yeast strain in medium including VHG glucose (Fig. 5) . The growths of all yeast strains were similar in medium without VHG glucose. This study revealed that two genes (TIS11 and SDS23) are involved to osmotic stress tolerance, but further studies are required to identify their functional roles under osmotic stress. According to the report of Yoshikawa's (2009 were found to be involved in osmotic stress tolerance under 1M NaCl-induced condition. Although the approach is different, the lack of overlap in our data may mean that other genes can be involved in osmotic stress tolerance. In S. cerevisiae are five MAPK cascades including the HOG pathway, each of which consists of essential three kinases (MAPKKK, MAPKK and MAPK) and other proteins (Qi and Elion 2005) . A previous study showed that hyperosmotic stress induces the activation of Hog 1 (Kim et al. 2013) . In our study, osmotic stress tolerance in TN-2 and TN-3 prompted us to investigate whether Hog1p was highly activated in TN-2 and TN-3 compared to the control L3262 upon exposure to VHG glucose. When samples treated in the absence or presence of VHG glucose for 0, 15 and 30 min were subjected to immunoblotting, activated Hog1p was seen at 15 min post-exposure in TN-2 and TN-3, in contrast to the absence of activation in the control strain (L3262) (Fig. 6 ). Activated Hog1p of the control appeared 30 min post-exposure with the level being much lower than that of TN-2 and TN-3. These results suggest that the possibility the nonexpression of TIS11 and SDS23 results in activation of Hog1p by the presence of VHG glucose. This study shows that the disruption of TIS11 and SDS23 confers enhanced tolerance to osmotic stress like VHG glucose condition. Therefore, the confirmation of novel genes can provide meaningful information to understand the phenotype of osmotic stress tolerance. In conclusion, the novel genes will help to develop yeast strains for desirable traits in brewing, wine-making, baking and ethanol fuel production.
